A simple extraction and isolation process of solasodine, a natural precursor to synthesize steroidal drugs, from fruits and leaves of Solanum laciniatum Ait. was developed. The optimum concentration of 2-propanol for the extraction of crude glycosides was 70%. The suitable hydrolysis condition of solasodine from crude glycosides was by 1 N hydrochloric acid in 2-propanol. Pure solasodine from both fruits and leaves of Solanum laciniatum Ait. was obtained without any requirement of column chromatography. The yield of pure solasodine were 0.34±0.04% and 0.44±0.16% of the dry weight of fruits and leaves, respectively. The maximum yield of 37.0% of pure 16-DPA was obtained by using tetrabutylammonium hydrogen sulfate as a phase-transfer catalyst and potassium dichromate as an oxidizing agent. The results indicated the novel economic with environmental friendly method of solasodine extraction and synthesis of 16-dehydropregnenolone acetate from solasodine by phase-transfer catalysis.
INTRODUCTION
Solasodine (1, Fig. 1 ), the nitrogen analogue of diosgenin (2, Fig. 1 ), has been reported as a valuable steroidal precursor for the supplementary source of the commercial synthesis of several steroidal drugs (Rodriguez et al., 1979; Sree et al., 1982) . It could be primarily obtained from various plants of genus Solanum (Crabbe and Fryer, 1982) . Solasodine exists in many forms of glycoalkaloids, which occur mainly as triosides such as, solasonine (3, Fig. 1 ) and solamargine (4, Fig. 1 ) (Crabbe and Fryer, 1982) . Several isolation procedures of solasodine have been reported from berries, leaves or stems of S. khasianum (Sree et al., 1982) , S. marginatum L. (Guerrero, 1976) , S. asperum Vahl. (Bhattacharyya, 1984) , S. paludosum Moric (Bhattacharyya, 1984) , S. eleagnifolium Cav. (Rodriguez et al., 1979) , S. aculestisimum Jacq., S. sisymbriifolium Lam. and S. laciniatum Ait. (Kangaroo apple), an indigenous vegetable plant of Australia and New Zealand (Conner, 1987) . S. laciniatum gives high yield of solasodine and can be grown well in other parts of the world such as Thailand. The isolation and purification methods of solasodine from Solanum spp. were different in detail techniques. In general, isolation of solasodine from either dry or fresh plants can be performed by extraction and followed by chemical hydrolysis or by extraction in concomitant with chemical hydrolysis as a one-step production (Guerrero, 1976; Bhattacharyya, 1984 Bhattacharyya, , 1989 . Hydrolysis has also been performed by microbial cells (Rodriguez et al., 1979) . To obtain solasodine in pure form is complicate since this plant contains considerable amount of other materials, which can also be co-extracted (Guerrero, 1976) . Several methods have been reported to remove these impurities. However, most of them were complicated and require toxic organic solvents. Column chromatography is sometimes used but can cause high cost as well as product loss and time consuming.
Solasodine can be readily converted to 16-dehydropregnenolone acetate (16-DPA, 5, Fig. 1 ), an important intermediate and convenient precursor for the production of various steroidal drugs such as sex hormones, corticosteroids, contraceptive drugs and other steroid-related drugs. Several synthesis methods of solasodine to 16-DPA have been developed. The general steps involved acetylation of solasodine to O,Ndiacetylsolasodine; transformation by isomerisation to O,N-diacetylpseudosolasodine; oxidation to give 16-(acetylamino-α-methyl-valeryloxy)-pregnenolone acetate and hydrolysis of the compound to 16-DPA. Intermediates in each step may be either isolated or continued to the next step. Most of these methods are expensive and environmental harmful from the chemical used, especially the conventional chromium catalysis in the oxidation step.
In this study, a novel simple isolation and purification process of solasodine from fruits and leaves of S. laciniatum, cultivated in Chiang Mai, Thailand, and a novel method for 16-DPA synthesis from solasodine by phase-transfer catalysis (PTC) will be developed.
MATERIALS AND METHODS

Materials
Fruits (code No. 160695-3P) and leaves (code No. G1090395) of S. laciniatum at the age of 3.5 months grown in Bann Huay Sai District, Chiang Mai, Thailand were collected, dried in an oven at 60°C and ground into powder by a simple grooved-disc mill. The reference standards of solasodine, 16-DPA, and other chemicals were purchased from Sigma Co. (St. Louis, MO, USA). All solvents for chromatographic purposes were of HPLC grade. Other solvents were reagent grade.
Isolation of Solasodine 1. Effects of 2-Propanol Concentrations on Crude Glycoside Extraction. The dried leaf powder (500 g) was extracted 4-5 times by 0 to 100% v/v of 2-propanol (1.5 dm 3 each) at 70°C in an Erlenmeyer flask. The filtrates were pooled and vacuum evaporated using the rotary evaporator (Buchi, Switzerland). The filtrate was heated to 80°C and stirred while adding 30% aqueous ammonia solution until the pH reached 9-10. The formed precipitate was collected and the crude glycosides were hydrolyzed by 1 N hydrochloric acid in 2-propanol in a round-bottom flask for 3 h. The 20% sodium hydroxide solution was added to precipitate the crude solasodine. The pure solasodine was obtained by crystallization in methanol.
Comparison of Various Methods for Hydrolysis of Glycosides.
The dried leaf powder (1 kg) was extracted by the same procedure as in 1., but using distilled water instead of 2-propanol. The crude glycosides were divided into four portions and hydrolyzed by four methods which were electrolysis, 1 N hydrochloric acid in aqueous, ethanol and 2-propanol. For electrolysis method, the aqueous extract (1.5 dm 3 ) in 0.02 N hydrochloric acid was applied with a DC current (30 A) for 2 h using 2 pairs of aluminum plate electrodes (10×10 cm 2 ) in a 3 dm 3 -tank.
Comparison of Solasodine Contents in Fruits and Leaves of S. laciniatum Ait.
The dried fruit (60-750 g) or leaf (40-750 g) powder was dispersed in 70% 2-propanol and sonicated for 2 h before extraction. The suspension was put into the thimble and the alcoholic solution (volume adjusted to 300 or 3,000 cm 3 ) was added to the Soxhlet receiving flask. The solution was refluxed until exhaust and 2-propanol was vacuum evaporated using the rotary evaporator. Boiling water was added to the residue while being stirred. The solution was filtered and the filtrate was heated to 80°C and stirred while adding 30% aqueous ammonia solution until the pH reached 9-10. The precipitate was repeatedly washed with distilled water, filtered and dried at 60°C. The above crude glycosides, 2-propanol and 37.6% hydrochloric acid in the ratio of 16.4:76:7.6 by weight were placed in a round-bottom flask. The solution was refluxed for 3 h and was then filtered by vacuum pump. The collected precipitate was dissolved in 2-propanol and 20% w/v sodium hydroxide solution. A large amount of water was added into the solution to obtain the crystalline solasodine. Solasodine was filtered through the filter paper and dried at 60°C. Recrystallisation of solasodine from methanol gave colorless hexagonal plates of crystalline solasodine which was used as a precursor for 16-DPA synthesis.
Synthesis of 16-DPA 1. Acetylation and Isomerisation. A mixture of solasodine (1 g), pyridine (10 cm 3 ) and acetic anhydride (5 cm 3 ) was refluxed for 2 h and cooled. Then, the mixture was poured on ice plus aqueous ammonia solution. The precipitate was filtered and dried. The product was refluxed in glacial acetic acid (10 cm 3 ) for 1 h. Glacial acetic acid was distilled off under vacuum giving a yellow residue.
Oxidation and Hydrolysis.
Conventional Technique. For hydrogen peroxide as an oxidizing agent, the residue from 1. was refluxed with glacial acetic acid (10 cm 3 ) and hydrogen peroxide (30 mol % excess of solasodine) at 70°C for 5 h, and then water was added to destroy excess oxidizing agent. The reaction mixture was extracted with ethyl acetate and the solvent was evaporated. The residue was refluxed in glacial acetic acid (10 cm 3 ). For potassium permanganate, potassium dichromate and chromic trioxide as oxidizing agents, the solution obtained after isomerisation in glacial acetic acid (section 1.) was cooled to 0 to 15°C and a solution of potassium permanganate, potassium dichromate or chromic trioxide (30 mol % excess of solasodine) in glacial acetic acid (10 cm 3 ) was added dropwise with stirring for 3 h. Then, methanol was added to destroy the excess oxidizing agent. The reaction mixture was refluxed for 2 h and the solvent was distilled off under vacuum. Phase-Transfer Catalysis Technique. The residue from 1. was dissolved in methylene chloride (10 cm 3 ). The oxidizing agent (30 mol % excess of solasodine) and phasetransfer catalyst (10 mol % of oxidizing agent) were dissolved in water (10 cm 3 ) and added to the reaction mixture dropwise. The mixture was vigorously stirred while maintaining the pH at 0 to 1 by adding sulfuric acid. The bath temperature was maintained at 0 to 15°C for 3 h. The organic solvent phase was separated from the system and washed with water several times. Then, the solvent was removed under vacuum until gummy material was obtained. The product was refluxed in glacial acetic acid (10 cm 3 ) for 2 h and distilled off under vacuum. 3. Purification. The gummy material of the product (2.) was packed on a column of silica gel 60 (Merck, Germany) and eluted with petroleum ether and ethyl acetate with increasing polarity. The eluent gave pure 16-DPA. Recrystallisation of 16-DPA from methanol gave a rod-like crystal.
Analysis of Solasodine and 16-DPA 1. Qualitative Analysis. The isolated solasodine was preliminary determined by thinlayer chromatographic method comparing to the standard using silica gel 60 GF 254 aluminum plate (Merck, Germany) developed with mobile phase consisting of chloroform/methanol (9:1). The spots were visualized by spraying with 30% v/v sulfuric acid solution on TLC plate before heating on a hot plate. 16-DPA was determined in the same manner but developed with mobile phase consisting of ethyl acetate/petroleum ether (2:8). The spots were detected under UV lamp at 254 nm. 2. Quantitative Analysis. Solasodine was analyzed by high performance liquid chromatography (HPLC, Thermo Separation Products Inc., California, USA) at 205 nm using a Lichrosorb C-18 column (250 × 4.6 mm i.d.; 10 µm particle diameter, HPLC Technology, UK) and 0.01 M Tris-HCl buffer/acetonitrile (20:80 by volume) as the mobile phase at a flow rate of 2.00 cm 3 min -1 with injection volume of 20 µm 3 . 16-DPA was analyzed by HPLC at 254 nm using a Hypersil C-18 column (250 × 4.6 mm i.d.; 10 µm particle diameter; 250°A average pore size, Hichrom, UK) and 100% methanol was used as the mobile phase at a flow rate of 1.00 cm 3 min -1 with injection volume of 5 µm 3 . 3. Identification. Solasodine and 16-DPA were identified by melting point (m.p.) determination (Stuart Scientific, UK), IR (Jasco FT/IR-5000, Japan), GC-MS (Varian Saturn 2100, UK) and NMR (Hitachi R-1500, Japan) comparing to the standard.
RESULTS AND DISCUSSION
Isolation of Solasodine
The relative proportions of alcohol and water used to extract the crude glycosides may be varied. The most suitable concentration of 2-propanol was found to be at 70% since it was the lowest concentration of 2-propanol, which gave the highest yield of solasodine of 0.45% w/w of the dry leaves (Table 1 ). The molecules of solasonine glycosides contain two parts, the sugar which is water-soluble and the steroid moiety which is water-insoluble. At the concentration above 85% of 2-propanol, it gave not only low yields of solasodine but also contained more impurities that tend to be difficult for purification as well, since water in the extraction process is essential to solubilize the glycosides. Table 2 compared various methods for hydrolysis of the crude glycosides, it was demonstrated that using 2-propanol as solvent in the hydrolysis by hydrochloric acid gave the highest yield of solasodine. Electrolysis, the method for chlorophyll elimination (Adduct et al., 1987) , gave low yield of solasodine since some solasodine may be destroyed by the current.
In comparison of solasodine extraction from dried fruits and leaves with 70% 2-propanol (Table 3) , crude solasodine glycosides in light brown and green powder characteristics were obtained respectively. The crude glycosides obtained from the extraction were contaminated with color impurities since both color impurities and glycosides were soluble in alcohol. When the crude glycosides were repeatedly washed with water, better appearances were observed. This is due to the solubility of almost all color impurities in water. The crude glycoside yields were 2.03 and 2.17% w/w of the dry fruits and leaves, respectively. For hydrolysis of the crude glycosides, it was found that the proportion by weight of crude glycosides, 2-propanol and hydrochloric acid was essential to complete the acid hydrolysis reaction and give less side product reaction. The result of chromatograms indicated that hydrolysis of glycosides yielded the corresponding aglycone with practically less dehydrogenation product (solasodiene) (data not shown). After hydrolysis, the all-remaining impurities in crude solasodine were removed by filtration and crystallization. The average yield of white crystalline pure solasodine powder was 0.34 and 0.44% of dry fruits and leaves, respectively. The maximum yield of solasodine in dry fruits and leaves were 0.42 and 0.70%, respectively. The purity of solasodine was more than 90% (m.p. 198-200°C) . This product has sufficient purity to be use as the starting material to convert to 16-DPA. All spectrums (IR, MS and NMR) of the product were identical with that of the standard. This indicated that solasodine can be isolated from both fruits and leaves of S. laciniatum by this method. It required no chromatographic procedure to eliminate the remaining impurities and color materials. This simple developed method is an efficient and economic method. This developed method can also be applicable for the production of solasodine in large scale, since it will be more convenient to harvest both fruits and leaves or the whole plant at the same time in the isolation process.
Synthesis of 16-DPA from Solasodine by PTC
Comparison of 16-DPA synthesis from solasodine between the conventional and PTC methods was presented in Table 4 . Solasodine was first converted to pseudosolasodine diacetate in two consecutive steps: i.e., acetylation of solasodine to give O,N-diacetylsolasodine and isomerisation of diacetate to give pseudosolasodine diacetate. The resulting residue was oxidized by various oxidizing agents under PTC and conventional methods. Further hydrolysis of the oxidative product produced 16-DPA. Finally, the product was separated by column chromatography. The highest yield (37.0%, 93% purity, m.p. 169-172°C) based on the theoretical of solasodine by continuous operation without purification of intermediates was found in PTC system using tetrabutylammonium hydrogen sulfate and potassium dichromate. The product characterized by m.p., IR, MS and NMR were identical to the standard. Potassium dichromate under tetrabutylammonium hydrogen sulfate as phase-transfer catalyst gave better yield than tetraethylammonium iodide and the conventional technique. This was different from the previous report (Goswami et al., 2000) that tetraethylammonium iodide together with potassium permanganate was a suitable system to oxidize pseudodiosgenin diacetate to diosone. This study used diosgenin as a starting material instead of solasodine. The oxygen atom in diosgenin structure may be preferred for this reaction more than the nitrogen atom in solasodine of our study. All oxidizing agents under tetraethylammonium iodide were not preferred for the reaction. No reaction was observed when potassium permanganate and chromic trioxide were used under PTC. This may be due to the characteristics of the substrate (pseudosolasodine diacetate) that requires selective oxidizing agent. Also, tetrabutylammonium cations were more soluble in methylene chloride which used as organic phase than the tetraethylammonium cations. Therefore, the anions such as dichromate can interact with these more soluble cations, thereby transferring more oxidizing agents to the organic solvent where the substrate is solubilized. In conventional technique, the yield of the product obtained by potassium dichromate was higher than from potassium permanganate. However, even being a strong oxidizing agent, chromium trioxide can not be used for PTC since it is not ionized. In case of hydrogen peroxide, no oxidation product can be observed because of its low oxidizing potency.
In our novel method of 16-DPA production by oxidation of pseudosolasodine diacetate using potassium dichromate as an oxidizing agent under PTC, not only the product can be separated easily from the system, but also the excess of the active dichromate salts in the aqueous phase can be reused as well. In addition, less toxic and less amount of chromium were used. Hence, low cost and low waste production, which will be advantageous for commercial production scale of 16-DPA can be anticipated. 
